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Transmission electron microscopy 
(TEM) is an indispensable standard 

method to monitor macroautophagy in 
tissue samples. Because TEM is time 
consuming and not suitable for daily rou-
tine, many groups try to identify macro-
autophagy in tissue by conventional 
immunohistochemistry. The aim of the 
present study was to evaluate whether 
immunohistochemical assessment of 
macroautophagy-related marker proteins 
such as LC3, ATG5, CTSD/cathepsin 
D, BECN1/Beclin 1 or SQSTM1/p62 
is feasible and autophagy-specific. For 
this purpose, livers from starved mice 
were used as a model because hepato-
cytes are highly sensitive to autophagy 
induction. ATG7-deficient mouse livers 
served as negative control. Our findings 
indicate that unambiguous immunode-
tection of LC3 in paraffin-embedded tis-
sue specimens was hampered due to low 
in situ levels of this protein. Maximum 
sensitivity could only be obtained using 
high-quality, isoform-specific antibod-
ies, such as antibody 5F10, in combina-
tion with Envision+ signal amplification. 
Moreover, LC3 stains were optimal 
in neutral-buffered formalin-fixed tis-
sue, immersed in citrate buffer during 
antigen retrieval. However, even when 
using this methodology, LC3 moni-
toring required overexpression of the 
protein, e.g., in GFP-LC3 transgenic 
mice. This was not only the case for the 
liver but also for other organs includ-
ing heart, skeletal muscle, kidney and 
gut. Immunohistochemical detection of 
the autophagy-related proteins ATG5, 
CTSD or BECN1 is not recommendable 
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for monitoring autophagy, due to lack 
of differential gene expression or doubt-
ful specificity. SQSTM1 accumulated 
in autophagy-deficient liver, thus it is 
not a useful marker for tissue with auto-
phagic activity. We conclude that TEM 
remains an indispensable technique for 
in situ evaluation of macroautophagy, 
particularly in clinical samples for which 
genetic manipulation or other in vitro 
techniques are not feasible.

Introduction

Macroautophagy (hereafter referred to as 
autophagy) is an evolutionarily conserved 
subcellular process for bulk digestion and 
elimination through lysosomal enzymes 
of the cell’s own proteins and entire 
organelles; for example, when they are 
obsolete or irreparably injured and need to 
be replaced.1,2 Intracellular material that 
needs to be autophagocytized is wrapped 
up by a flattened membranous structure, 
known as the phagophore or isolation 
membrane, whose free margins fuse with 
one another to form an autophagosome. 
Autophagosomes eventually fuse with 
lysosomes to become autolysosomes, so 
that their contents can be digested by lyso-
somal enzymes. The process generally acts 
as a housekeeping mechanism, and is cru-
cial to the maintenance of normal cellular 
homeostasis. However, when stimulated 
by cellular stress conditions, autophagy 
may also function as a self-cannibalization 
pathway that promotes cell survival under 
unfavorable conditions.

Different methodologies have been 
developed to detect autophagy both in 
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Immunoelectron microscopy with anti-
bodies against autophagosomal marker 
proteins would allow specific detection of 
autophagic structures,5 but this method 
remains labor-intensive and requires well-
trained personnel.

Given the many pitfalls in correctly 
identifying autophagic vacuoles by 
TEM, many groups have tried to iden-
tify autophagy in tissue by conventional 
immunohistochemistry.9-18 Advantages 
of immunohistochemistry include a fast 
turnaround time (typically 2 d vs 5–7 d for 
TEM), low cost, ease of performance and 
widespread familiarity. However, most 
immunohistochemical staining protocols 
for autophagy-associated proteins have 
not been validated (e.g., by using autoph-
agy-deficient tissue as negative control) 
or optimized to obtain high sensitivity. 
Using wild-type and ATG7-deficient liver 
tissue as a model for immunohistochemi-
cal detection of autophagy, the aim of the 
present study was to evaluate the feasibility 
and specificity of immunohistochemical 
stainings for autophagy-related proteins.

Results

Generation of liver-specific Atg7 knock-
out mice. The essential autophagy gene 
Atg7 was deleted in liver by cross-breed-
ing mice homozygous for the Atg7Flox 
allele (further referred to as Atg7F/F) with 
a transgenic mouse strain that expresses 
the Cre recombinase under control of 
the mouse albumin enhancer/promoter. 
Gross inspection of Atg7F/F Alb-Cre+ mice 
revealed severe enlargement of the liver as 
compared with Atg7+/+ Alb-Cre+ control 
mice (Fig. 1A). Western blots of Atg7F/F 

Alb-Cre+ liver samples confirmed lack 
of ATG7 expression (Fig. 1B). ATG7 
deficiency was associated with defective 
autophagy as evidenced by the accumula-
tion of SQSTM1/p62, increased LC3-I/
LC3-II ratio’s for both LC3A and LC3B 
and decreased levels of ATG12-ATG5. In 
contrast to control mice, Atg7F/F Alb-Cre+ 
mice showed an abnormal ultrastructure 
of the liver as characterized by the accu-
mulation of elongated and often deformed 
mitochondria (Fig. 1C). Other differences 
in Atg7F/F Alb-Cre+ vs. wild-type mice 
included a decrease in glycogen granules 
and endoplasmic reticulum (Fig. 1C).

microscopy (TEM) remains the gold stan-
dard to assess autophagy in tissue.3-6,21 It 
offers high-resolving power (0.1–0.4 nm) 
and hence, provides much more detailed 
information about the cell’s morphol-
ogy as compared with conventional light 
microscopy. However, interpreting TEM 
images is rather subjective and it can be 
difficult to distinguish autophagosomes 
from lysosomes, endosomes or other 
structures in the cell.20 Detection of auto-
phagy in inflamed tissue by TEM is even 
more problematic. Some inflammatory 
cells such as monocytes and macrophages 
have a strong phagocytic potential, ren-
dering it difficult to determine via TEM 
whether the vacuoles in their cytoplasm 
result from autophagy or heterophagy. 

vitro and in vivo.3-18 Detection guidelines 
have also been established for the correct 
use and interpretation of such methods.19-21 
Still demonstration of autophagy in tissue 
has not received extensive evaluation, par-
ticularly in clinical specimens for which 
genetic techniques (e.g., GFP-LC3 overex-
pression), autophagic flux measurements 
and injection of specific dyes are incon-
ceivable. As a consequence, improved 
methods for detection of autophagy in 
human tissue relative to the techniques 
possible with cells in culture still need 
to be elaborated. Because the presence 
of autophagic vacuoles is by far the most 
important morphological feature of cells 
with autophagic activity, demonstration of 
these structures by transmission electron 

Figure 1. ATG7 deficiency in mouse liver causes hepatomegaly and reveals signs of defective 
autophagy. (A) Gross anatomical view of a representative Atg7+/+ Alb-Cre+ and Atg7F/F Alb-Cre+ 
mouse (5 mo old). (B and C) western blot (B) and ultrastructural analysis (C) of liver samples from 
Atg7+/+ Alb-Cre+ and Atg7F/F Alb-Cre+ mice. Ultrastructural inspection of Atg7F/F Alb-Cre+ livers reveals 
accumulation of elongated and deformed mitochondria (black arrows) as well as a decrease in 
glycogen granules and endoplasmic reticulum. Livers from Atg7+/+ Alb-Cre+ mice show normal cell 
morphology. Scale bar, 2 μm. N, nucleus.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

388	 Autophagy	 Volume 9 Issue 3

isolated from Atg7+/+ Alb-Cre+ and Atg7F/F 

Alb-Cre+ mice were stained for LC3A and 
LC3B, two LC3 isoforms known to be 
associated with autophagic membranes.22 
For this purpose, we used a highly sen-
sitive immunohistochemical detection 
method (Vectastain ABC), which is 
based on the formation of large macro-
molecular complexes containing avidin 
and biotinylated horseradish peroxidase. 
Western blot experiments revealed that 
rabbit polyclonal LC3A raised against 
the C-terminal cleavage site of LC3A as 
well as mouse monoclonal LC3B anti-
body (clone 5F10) and rabbit monoclonal 
LC3B antibody (clone D11) raised against 
the N-terminus of LC3B, were highly 

Furthermore, TEM revealed autophagic 
vacuoles in starved hepatocytes, but not 
in control liver (Fig. 2C). Western blots 
showed cleavage of GFP-LC3B after 48 h 
starvation (Fig. 2D). GFP-LC3B cleavage 
was associated with enhanced levels of the 
ATG12-ATG5 conjugate and CTSD, as 
well as with decreased levels of ATG7 and 
SQSTM1 (Fig. 2D).

Immunohistochemical detection 
of LC3 in paraffin-embedded tissue 
depends on expression level, autophagy 
induction and sensitivity of the detec-
tion method. Because mammalian LC3 is 
one of the most frequently used biomark-
ers for autophagy both in vitro3,4,19,21 and 
in situ,11-16 starved and nonstarved livers 

Nutrient deprivation induces auto-
phagy in liver. To validate immunocy-
tochemical methods for the detection of 
autophagy, nutrient deprivation was used 
as a trigger. GFP-LC3B transgenic mice 
underwent starvation for 24 or 48 h. In 
contrast to liver from fed mice showing 
diffuse GFP-LC3 expression in the cyto-
plasm, livers from starved mice contained 
many intense puncta/dot-like GFP-LC3B 
structures (Fig. 2A). A maximum num-
ber of GFP-LC3B dots was found after 
48 h starvation. A striking morphologi-
cal event during starvation was the “fatty 
change” of the liver (Fig. 2B). Lipid drop-
lets accumulated in hepatocytes of starved 
liver, especially around blood vessels. 

Figure 2. Nutrient deprivation induces autophagy in liver from GFP-LC3 transgenic mice. (A) Examination of GFP fluorescence in liver of GFP-LC3 
transgenic mice before (0 h) and after starvation (24 or 48 h). Scale bar, 20 μm. Formation of GFP-LC3 dots during starvation was quantified. **p < 0.01 
vs. 0 h (one-way ANOVA, followed by Dunnett test, n = 9). (B) Fatty change of liver tissue as demonstrated by oil red O staining before (0 h) and after 
starvation (48 h). Scale bar, 20 μm. (C) Ultrastructural characterization of liver tissue from GFP-LC3 mice before (0 h) and after starvation (48 h). The 
micrographs of starved liver show accumulation of lipid droplets (asterisks) and autophagic vacuoles (arrows). Scale bar, 2 μm. N , nucleus. (D) Western 
blot analysis of liver from GFP-LC3 mice before and after starvation.
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with strongly diluted LC3B antibodies, 
differences in staining intensity between 
starved and nonstarved livers from Gfp-
Lc3btg/tg mice were negligible. Because a 
standard fixation with acetone might be 
too rigorous for the structure of frozen 
sections, we also tried LC3B staining 
without fixation and after short fixation 
(5 min) with 4% paraformaldehyde or 
methacarn. Stainings of unfixed or para-
formaldehyde-fixed frozen samples were 
similar as compared with acetone-fixed 
sections (results not shown). Methacarn 
fixation of frozen sections did not allow 
LC3B staining (not shown). Furthermore, 
it is important to note that all LC3B 
stainings were obtained using horseradish 
peroxidase, which requires pretreatment 
of sections with hydrogen peroxidase in 
methanol to inactivate endogenous perox-
idase. Paraformaldehyde-fixed frozen sec-
tions of wild-type liver that were stained 
using alkaline phosphatase showed 
LC3B-positive dots around lipid droplets  
(Fig. 9A and B). These droplets were abun-
dantly present after starvation (Fig. 9A). 
However, if frozen sections were fixed with 
acetone, LC3B dots could not be detected 
(not shown). Moreover, starved liver from 
Atg7F/F Alb-Cre+ mice showed neither lipid 
droplet formation nor LC3B staining  
(Fig. 9B). Other tissues from starved 
wild-type mice (heart, skeletal muscle, 
gut) were tested for LC3B-positive dots in 
paraformaldehyde-fixed frozen sections, 
but did not accumulate lipid droplets and 
stained negative for LC3B when using 
alkaline phosphatase. One exception was 
starved kidney that revealed both lipid 

Vectastain ABC, GFP-LC3B was not 
detectable in liver from Gfp-Lc3tg/+ mice, 
neither in nonstarved control conditions 
nor after 48 h starvation (Fig. 6B). Livers 
from unstarved Gfp-Lc3tg/tg mice did not 
stain for LC3B either. In contrast, LC3B-
puncta indicative of autophagosomes 
could be detected in liver from starved 
Gfp-Lc3tg/tg mice (Fig. 6B).

Using different fixatives and buffer 
solutions, we next tried to optimize the 
conditions for LC3B staining. Optimal 
staining was obtained with starved liver 
fixed in neutral buffered formalin and 
immersed in citrate buffer (pH 6.0) dur-
ing antigen retrieval (Fig. 7). Immersion 
of neutral formalin-fixed tissue in EDTA 
buffer (pH 8.0) inhibited staining (Fig. 7), 
whereas fixation in acid formalin yielded 
more background, although LC3B puncta 
were clearly detectable also after treatment 
with EDTA buffer (Fig. 7). Tissues fixed 
in the alcohol-based fixative methacarn or 
in Bouin’s fixative did not yield positive 
staining (Fig. 7).

Surprisingly, frozen, acetone-fixed 
liver samples from starved wild-type mice 
showed strong LC3B staining compared 
with nonstarved control samples (Fig. 8A), 
albeit puncta were not observed. Frozen 
liver sections from autophagy-deficient 
Atg7F/F Alb-Cre+ mice also stained positive 
for LC3B, though in a starvation-indepen-
dent manner (Fig. 8A). Staining of frozen 
livers isolated from Gfp-Lc3b transgenic 
mice required strong dilution (1:30,000) 
of the LC3B antibody to allow a differ-
ence in staining between starved and non-
starved samples (Fig. 8B). However, even 

specific for recombinant LC3A and LC3B 
protein, respectively (Fig. 3). However, all 
tested rabbit polyclonal LC3B antibodies 
showed crossreactivity with LC3A protein  
(Fig. 3), and were excluded for detection 
of LC3B in mouse tissue. Despite the sen-
sitivity of the Vectastain ABC method, 
liver from Atg7+/+ Alb-Cre+ control mice 
stained negative for LC3A and LC3B, 
even after 48 h starvation (Fig. 4). Still, 
large globular structures of different size 
(diameter 1–7 μm) stained positive for 
LC3A and LC3B in liver from autoph-
agy-incompetent Atg7F/F Alb-Cre+ mice  
(Fig. 4). This staining was independent of 
the starvation status of the tissue.

A western blot analysis of differ-
ent mouse tissue lysates showed that the 
expression of LC3A and LC3B varies 
considerably, with the highest expres-
sion level found in the brain (Fig. 5A). 
Particularly LC3A was highly expressed 
in brain tissue. Purkinje cells in the cer-
ebellum showed strong staining for LC3A 
(Fig. 5B), but also neurons in some parts 
of the cerebrum stained positive for LC3A 
(Fig. 5B), but not for LC3B, suggesting 
that immunohistochemical detection of 
LC3 isoforms is feasible provided that the 
expression level of the target protein is 
sufficiently high. To further evaluate this 
hypothesis, livers from GFP-LC3B trans-
genic mice were examined. Western blots 
showed that GFP-LC3B was moderately 
expressed in liver from mice containing 
one copy of the Gfp-Lc3b transgene (Gfp-
Lc3tg/+), but higher levels of GFP-LC3B 
were found in homozygous Gfp-Lc3tg/tg 
mice containing two gene copies. Using 

Figure 3. Rabbit polyclonal LC3B antibodies show crossreactivity with LC3A protein. Western blots containing recombinant LC3A and LC3B (5–20 ng) 
protein were probed with the following antibodies: mouse monoclonal antiLC3B (Nanotools), rabbit monoclonal antiLC3B (Cell Signaling), rabbit 
polyclonal antiLC3A (Abgent) and rabbit polyclonal antiLC3B from Novus Biologicals and Santa Cruz Biotechnology.
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However, tiny LC3B-positive dots were 
detected in hepatocytes around blood ves-
sels of starved liver (Fig. 11B), but not in 
other regions of the same liver. The immu-
noreactive area of these dots was negligible 
(estimated area < 0.01%) and not quanti-
fiable due to background staining.

To extrapolate our results to other tis-
sues, samples of heart, skeletal muscle, 
lung, kidney and gut were isolated from 
starved wild-type or Gfp-Lc3tg/tg mice. 
Tissue samples were fixed in neutral buff-
ered formalin and embedded in paraffin. 
In all conditions tested, Envison+ did 
not allow LC3B staining of tissue from 
starved wild-type mice (not shown). In  
addition, monoclonal anti-LC3B (clone 
D11) with Envision+ stained none of 
the tested organs isolated from starved 

limited (0.3 ± 0.1%, Fig. 10). Large 
LC3B-positive areas (3.2 ± 0.3%, Fig. 10) 
that were much larger than those obtained 
with Vectastain ABC (0.8 ± 0.1%,  
Fig. 6), were found after staining of LC3B 
in liver from Gfp-Lc3tg/tg mice, suggesting 
that Envision+ is the preferred method to 
obtain maximum staining sensitivity.

Because Envision+ combined with 
mouse monoclonal LC3B (clone 5F10) 
may lead to detection of LC3B-positive 
puncta,17 we also tried this condition 
on mouse liver. Apparently, anti-mouse 
Envision+ reagent caused high back-
ground staining in wild-type liver, 
but not in autophagy-deficient liver  
(Fig. 11A). Neither control liver nor 
starved liver from wild-type mice showed 
LC3B-specific staining (Fig. 11B). 

droplets and LC3B-positive dots on their 
surface, similar to starved liver (data not 
shown).

Besides Vectastain ABC, the Dako 
Envision+ system is an ultrasensitive 
immunohistochemical staining technique 
that has recently been used to detect LC3 
in autophagic vacuoles of paraffin-embed-
ded tissue.17 However, in analogy with 
Vectastain, Envision+ in combination 
with an isoform-specific rabbit monoclo-
nal anti-LC3B (Fig. 3) failed to detect 
LC3B in liver samples isolated from fed or 
starved wild-type mice (Fig. 10). Similar 
results were obtained with rabbit poly-
clonal LC3A (not shown). Nonetheless, 
LC3-positive puncta could be detected in 
livers from starved Gfp-Lc3tg/+ mice, even 
though the LC3B positive area was highly 

Figure 4. Liver from autophagy-deficient Atg7F/F Alb-Cre+ mice but not from autophagy-competent Atg7+/+ Alb-Cre+ shows immunohistochemical stain-
ing for LC3A and LC3B. Liver samples were isolated from fed mice (control) or from mice that underwent starvation for 48 h. After fixation in neutral 
buffered formalin for 24 h, tissues were paraffin-embedded and stained for LC3A (A) and LC3B (B) using rabbit polyclonal anti-LC3A (Abgent, 1:100) 
and biotinylated mouse monoclonal anti-LC3B (clone 5F10, Nanotools, 1:100) in combination with Vectastain ABC. Heat-mediated antigen retrieval 
was performed in citrate buffer (pH 6.0). Scale bar, 20 μm. The LC3A and LC3B positive area was quantified. ***p < 0.001 vs. Atg7+/+ Alb-Cre+ mice (two-
way ANOVA, n = 10).
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detectable in liver from fed Atg7+/+ Alb-Cre+ 
mice, but showed staining after starvation  
(Fig. 14A). Livers from Atg7F/F Alb-Cre+ 
mice showed diffuse background staining 
for BECN1, both in starved and nonstarved 
conditions (Fig. 14A). In contrast to liver, 
BECN1 expression was clearly detectable 
in the convoluted tubules of the kidney 
cortex (Fig. 14B). Staining in the tubules 
was more pronounced after starvation.

Autophagy-deficient livers contain 
large SQSTM1-positive inclusions in 
the cytoplasm. SQSTM1 was undetect-
able in liver from fed fedAtg7+/+ Alb-Cre+ 
mice, but showed diffuse cytoplasmic 
staining after starvation (Fig. 15). Livers 
from Atg7F/F Alb-Cre+ mice revealed many 
SQSTM1-positive inclusions in the cyto-
plasm, both in starved and nonstarved 
conditions (Fig. 15).

Discussion

In recent years, autophagy has been asso-
ciated with a plethora of different patho-
logical conditions including heart disease, 
cancer, neurodegeneration and infectious 
diseases.23-25 Considering the potential 
therapeutic implications of the pharma-
cological modulation of autophagy in 
many of these pathological conditions, the 
development of a fast and simple detec-
tion method for autophagy in clinical tis-
sue samples has become a major priority. 
Increasing evidence suggests that immu-
nohistochemical staining of LC3 could 
be a valuable technique for evaluation of 
autophagy in situ, particularly in the field 
of cancer. Indeed, immunohistochemical 
assessment of LC3 shows that expression 
of LC3 is intensified in cancer cells com-
pared with normal tissues,13,18,26 which 
incites researchers to assume increased 
autophagic activity in such tumors. 
Unfortunately, since the immunoreactiv-
ity for LC3 in cancer tissue is most often 
granular without clear visualization of 
LC3-positive puncta, it remains unclear 
whether it truly reflects autophagosome 
formation or merely LC3 protein expres-
sion and/or aggregation. On the other 
hand, large LC3A-positive amorphous 
material, typically enclosed within LC3-
positive cytoplasmic vacuoles, has recently 
been identified by immunohistochem-
istry in different tumor types.16,27,28 The 

immunohistochemical staining pattern 
as compared with nonstarved controls. 
Because cytoplasmic and not nuclear 
staining was expected, nuclear ATG5 
staining was confirmed by a second 
primary antibody (Lifespan, data not 
shown). Additional stainings for ATG5 
were performed on other tissues, yield-
ing strong nuclear and cytoplasmic ATG5 
staining in kidney tissue (data not shown). 
Staining for CTSD, just like ATG5, was 
not different between starved and non-
starved controls (Fig. 13B). Livers from 
Atg7+/+ Alb-Cre+ mice showed a typical 
granular staining in the cytoplasm, which 
was more irregular in size and intensity in 
Atg7F/F Alb-Cre+ samples.

BECN1 shows modest upregula-
tion after starvation. BECN1 was not 

Gfp-Lc3tg/tg mice (not shown). Only mono-
clonal anti-LC3B (5F10) with Envision+ 
led to LC3B-positive puncta in the differ-
ent Gfp-Lc3tg/tg tissue samples (Fig. 12). 
Lung tissue showed strong background 
staining with Envison+ reagent and was 
excluded from further analysis. Tissues 
from heart, kidney, striated muscle and 
gut in addition to livers from starved 
Gfp-Lc3tg/tg mice serving here as a positive 
control, revealed abundant LC3B staining 
(Fig. 12).

ATG5 and CTSD are not good marker 
proteins for immunohistochemistry-
based autophagy detection. Liver from 
both Atg7+/+ Alb-Cre+ and Atg7F/F Alb-
Cre+ mice showed nuclear ATG5 staining  
(Fig. 13A). After starvation, we 
did not observe any change in the 

Figure 5. The highest expression of LC3A and LC3B in nonstarved control mice was found in 
brain tissue. (A) Western blot analysis of LC3A and LC3B in different tissue lysates. GAPDH served 
as a loading control. (B) Immunohistochemical detection of LC3A and LC3B in mouse brain using 
the Vectastain ABC system. Tissue samples were isolated from fed control mice. After fixation in 
neutral buffered formalin for 24 h, tissues were paraffin-embedded and stained for LC3A (A) and 
LC3B (B) using rabbit polyclonal anti-LC3A (Abgent, 1:3000) and biotinylated mouse monoclonal 
anti-LC3B (clone 5F10, Nanotools, 1:100). Heat-mediated antigen retrieval was performed in citrate 
buffer (pH 6.0). Scale bar, 20 μm.
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Given that LC3 is expressed as different 
isoforms in mammalian cells32 and that 
many commercialized LC3-antibodies 
are not isoform specific,33 we first tested 
whether the LC3 antibodies used in this 
study could bind to recombinant LC3A 
and/or LC3B. Both proteins are cur-
rently the best-studied in situ markers 
for autophagy. Our results confirm that 
crossreactivity with other isoforms may 
exist. However, when using appropri-
ate (isoform-specific) LC3 antibodies 
in combination with a highly sensitive 
immunohistochemical detection tech-
nique (Vectastain ABC), we detected nei-
ther LC3A nor LC3B in both normal and 
starved mouse liver. Still, large globular 
structures of different size stained positive 
for LC3A and LC3B in liver from Atg7F/F 

degradation pathway upon starvation in 
an attempt to supply the organism with 
glucose and amino acids.29 Indeed, it 
has been calculated that autophagic pro-
tein degradation in liver, which proceeds 
at a rate of approximately 1.5% of total 
liver protein/h under nutrient-rich con-
ditions, is enhanced 2- to 3-fold during 
starvation,30 and results in a nearly 40% 
overall loss of liver protein after 48 h of 
starvation.31 In the present study, livers 
from GFP-LC3 mice undergoing starva-
tion for 48 h revealed a large number of 
autophagosomes, as determined by con-
focal microscopy and TEM. Moreover, 
cleaved GFP-LC3 as well as reduced levels 
of SQSTM1, which is degraded by auto-
phagy, could be found, suggesting initia-
tion of an active autophagic process.

presence of these ‘stone-like structures’ may 
reflect accumulation of autophagic debris 
that cannot be degraded by the available 
lysosomal pool, rather than an active auto-
phagic process. The main objective of the 
present study was to determine whether 
autophagosome formation could be easily 
detected in (normal) tissue using standard 
immunohistochemical techniques. An 
important criterion was that the immu-
nohistochemical stainings should give a 
clear, unambiguous pattern of dot-like 
structures (puncta) reflecting autophagic 
vacuoles, analogous with detection of 
autophagosomes in cultured cells. To this 
end, we used liver from starved mice as a 
model because hepatocytes are highly sen-
sitive to autophagic conditions and rap-
idly turn on their autophagic-lysosomal 

Figure 6. Immunohistochemical detection of LC3B is feasible in liver from starved Gfp-Lc3tg/tg mice using Vectastain ABC. (A) Western blot analysis 
of LC3B in liver from wild-type mice, heterozygous Gfp-Lc3tg/+ or homozygous Gfp-Lc3tg/tg transgenic mice. The GFP-LC3 expression in each group 
was quantified. **p < 0.01 vs. wild-type mice (one-way ANOVA, followed by Dunnett test, n = 4). (B) Immunohistochemical detection of LC3B in liver 
from Gfp-Lc3tg/+ or Gfp-Lc3tg/tg mice using the Vectastain ABC system. Liver samples were isolated from fed mice (control) or from mice that underwent 
starvation for 48 h. After fixation in neutral buffered formalin for 24 h, tissues were paraffin-embedded and stained for LC3B using biotinylated mouse 
monoclonal anti-LC3B (clone 5F10, Nanotools, 1:100). Heat-mediated antigen retrieval was performed in citrate buffer (pH 6.0). Scale bar, 20 μm. The 
LC3B positive area was quantified. ***p < 0.001 vs. control (two way ANOVA, followed by Bonferronipost test, n = 10).
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LC3 can be detected via immunohisto-
chemistry in liver tissue, but only when this 
protein is overexpressed.11,12 A western blot 
analysis of different mouse tissue lysates 
revealed that the expression of LC3A and 
LC3B may vary considerably. Expression 
of LC3A and LC3B is relatively weak in 
liver as well as in many other organs such 
as heart, spleen and lung. However, LC3A 
was highly expressed in the brain, allowing 
immunohistochemical detection, particu-
larly in the Purkinje cells of the cerebellum. 
In this light, it is also noteworthy that pro-
tein levels of both LC3A and LC3B were 
strongly increased in liver from Atg7F/F Alb-
Cre+ mice, a finding that may explain the 
aberrant LC3 immunoreactivity in such 
tissue as mentioned above. Therefore, to 
further validate LC3 as a potential bio-
marker for autophagosome formation in 
situ, we decided to examine liver sections 
from transgenic mice that systemically 
overexpress GFP-LC3B. LC3B-positive 
puncta indicative of autophagosomes could 
be detected in liver from starved GFP-LC3 
mice that were homozygous for the trans-
gene. Livers from heterozygous GFP-LC3B 
mice, showing less abundant LC3 expres-
sion, or homozygous GFP-LC3B mice that 
did not undergo starvation, were negative 
for LC3 staining, indicating that both ini-
tiation of autophagy and sufficiently high 
expression levels of LC3 are required for 
immunohistochemical detection.

in an autophagy-independent manner.34,35 
Therefore, immunohistochemical stain-
ings for LC3 should be interpreted with 
caution, particularly if defective auto-
phagy is suspected.

Our findings are consistent with previ-
ous reports from our group showing that 

Alb-Cre+ mice, which are characterized by 
defective autophagy in hepatocytes due to 
deletion of the essential autophagy gene 
Atg7. This finding was not surprising since 
autophagy-deficient cells could accumu-
late protein aggregates or cellular struc-
tures, in which LC3 can be incorporated 

Figure 7. Optimal immunohistochemical detection of LC3B requires processing of tissue samples 
in a suitable fixative. Liver samples were isolated from Gfp-Lc3tg/tg mice that underwent starvation 
for 48 h. After fixation in different fixatives for 24 h, tissues were paraffin-embedded and stained 
for LC3B using biotinylated mouse monoclonal anti-LC3B (clone 5F10, Nanotools, 1:100) and Vec-
tastain ABC. For formalin-fixed samples, heat-mediated antigen retrieval was performed either in 
citrate buffer (pH 6.0) or in EDTA buffer (pH 8.0). Scale bar, 20 μm.

Figure 8. Immunohistochemical staining of LC3B is enhanced in frozen liver sections. Liver samples were isolated from Atg7+/+ Alb-Cre+ and Atg7F/F Alb-
Cre+ mice (A) or from transgenic Gfp-Lc3tg/+ or Gfp-Lc3tg/tg mice (B). Some animals were fed normal chow (control), others underwent starvation for 48 h. 
After fixation in acetone, frozen sections were stained for LC3B using biotinylated mouse monoclonal anti-LC3B (clone 5F10, Nanotools, 1:1,000 [Atg7+/+ 

Alb-Cre+ and Atg7F/F Alb-Cre+ samples] or 1:30,000 [Gfp-Lc3tg/+ and Gfp-Lc3tg/tg samples]) and Vectastain ABC. Scale bar, 40 μm.
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of starved liver showed many LC3B dots 
around lipid droplets (LDs), which is 
consistent with previous reports showing 
that LC3B is localized on the surface of 
LDs and critically involved in LD for-
mation.35,36 Autophagy-deficient frozen 
liver did not accumulate LDs and stained 
negative for LC3B. The dotted staining 
pattern in wild-type liver was lost if sec-
tions were fixed in acetone, indicating that 
lipid extraction with organic solvents (or 
during paraffin embedding) may cause a 
significant loss of LC3 protein. However, 
an analysis of different frozen tissue 

be observed. In our opinion, this finding 
makes frozen sections unsuitable for the 
detection of autophagosomal structures.

Importantly, stainings of frozen (or 
paraffin-embedded) tissue were per-
formed using horseradish peroxidase. This 
staining procedure requires inactivation of 
the endogenous peroxidase with destruc-
tive agents such as hydrogen peroxidase 
and methanol. To avoid the use of chemi-
cals that could dissolve small membranous 
structures, we tried to stain frozen sections 
using alkaline phosphatase. Interestingly, 
paraformaldehyde-fixed, frozen sections 

To ensure an optimal detection of LC3 
in tissue, we tested several fixatives, buf-
fer solutions, antibody concentrations and 
embedding media. Even though there is no 
ideal universal fixative for the demonstra-
tion of an antigen in situ, most antigens 
can be successfully detected in formalin-
fixed paraffin-embedded tissue sections. 
Given that formalin is a cross-linking 
fixative, the discovery and development 
of antigen retrieval techniques further 
stimulated the use of formalin as a rou-
tine fixative for immunohistochemistry 
in many research laboratories. However, 
for certain cell antigens precipitant fixa-
tives (e.g., methacarn) or combination 
fixatives such as Bouin’s fixative (combin-
ing formalin with the precipitant picric 
acid) are recommended. In the present 
study, optimal LC3 staining was achieved 
with neutral-buffered formalin-fixed tis-
sue specimens, immersed in citrate buffer 
(pH 6.0) during antigen retrieval. Liver 
samples fixed in the precipitant fixative 
methacarn or Bouin’s fixative did not stain 
for LC3. Possibly, sufficient cross-linking 
is essential for fixing small proteins such 
as LC3, which may not be large enough 
to be made insoluble by precipitant fixa-
tives. Bouin’s fixative contains formalin, 
but also picric acid, resulting in a highly 
acidic solution (pH 1.5–1.9) that is there-
fore not always suitable for antigen detec-
tion. Another important issue is that some 
antigens do not survive paraffin embed-
ding so that frozen sections are needed. 
For example, a disadvantage of paraffin-
embedded tissue is that all lipids are 
extracted. LC3 is lipidated before associat-
ing with autophagosomes. In this regard, 
it could be assumed that the LC3 protein 
is partially lost in the paraffin-embedding 
process. Frozen liver samples from starved 
wild-type mice showed upregulation of 
LC3B staining vs. nonstarved liver, which 
probably reflects transcriptional induc-
tion of LC3 as previously described.21 
Furthermore, LC3 could be detected 
in frozen sections at very low antibody 
concentrations, indicating that frozen 
sections offer a much more sensitive detec-
tion platform than paraffin-embedded 
tissue. However, because the morphol-
ogy and resolution of frozen sections are 
poor, the typical LC3 puncta as observed 
in paraffin-embedded tissue could not 

Figure 9. LC3B dots are detectable in frozen liver sections using a staining procedure with alkaline 
phosphatase and are localized on the surface of lipid droplets. Liver samples were isolated from 
Atg7+/+ Alb-Cre+ (A) or Atg7F/F Alb-Cre+ mice (B) that were fed normal chow (control) or underwent 
starvation for 48 h. After fixation in 4% paraformaldehyde, frozen sections were stained for LC3B 
using biotinylated mouse monoclonal anti-LC3B (clone 5F10, Nanotools, 1:1,000) and Vectastain 
ABC-AP kit, containing biotinylated alkaline phosphatase instead of biotinylated horseradish 
peroxidase. LC3B-positive dots (arrows) were detected on the surface of lipid droplets. These 
structures could be stained using oil red O. Scale bar, 20 μm.
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polymer does not contain avidin or biotin 
so that nonspecific staining resulting from 
endogenous avidin-biotin activity is elimi-
nated or significantly reduced. Although 
this method of signal amplification, like 
any indirect immunofluorescence, is not 
quantitative and can only be qualitative, 
Envision+ offered superior detection as 
compared with avidin-biotin based signal 
amplification systems such as Vectastain 
ABC, at least for LC3. Nonetheless, 
important limitations in LC3 detection 
should be taken into account. First, anti-
LC3 antibodies combined with Envision+ 
signal amplification failed to stain LC3 in 
most tissues from starved wild-type mice. 
In liver, however, few LC3B puncta could 
be detected, but they were only locally 
present (in hepatocytes around blood ves-
sels), not throughout the entire liver, and 
were small in size and thus hard to find. 
Second, an important prerequisite for 
the detection of puncta in the liver with 
Envision+ was the use of the LC3B mouse 
monoclonal antibody 5F10 which clearly 
offered the highest sensitivity over other 
related antibodies. Based on these findings, 
we assume that Envision+ immunohisto-
chemical stainings with antibody 5F10 in 
starved wild-type liver were performed at 
the detection limit. Much better results 
were obtained in GFP-LC3 transgenic 
mice, also with other organs such as skel-
etal muscle, heart and kidney. A disadvan-
tage of mouse monoclonal antibody 5F10 
is that LC3 detection on mouse tissue is 
complicated by high levels of background 
staining, at least when indirect immuno-
histochemical detection methods are used 
such as Envision+. Background is attrib-
uted to binding of secondary anti-mouse 
antibody to endogenous mouse IgGs in 
the tissue being stained, and to Fc recep-
tors on inflammatory cells. Background 
can be inhibited by blocking endogenous 
IgGs with Fab fragments of anti-mouse 
IgGs, preferably in combination with the 
use of a biotin-conjugated Fab fragment 
anti-mouse IgG (instead of whole IgG sec-
ondary antibody). This approach requires 
short incubation steps and is therefore 
much less sensitive than the protocol used 
in the present study, thus not recommend-
able for LC3 detection.

Finally, it is noteworthy that many 
autophagy-related proteins, other than 

immunohistochemistry in autophagic 
vacuoles of paraffin-embedded tissue 
was reported.17 Staining was based on 
Envision+ immunodetection, which is 
an extremely sensitive system that allows 
signal amplification via a hydrophilic 
polymer (dextran) conjugated to second-
ary antibodies and multiple (up to 100) 
horseradish peroxidase molecules. The 

specimens including heart, kidney, skel-
etal muscle and gut that were stained for 
LC3B using alkaline phosphatase revealed 
that this approach fails to detect auto-
phagic vacuoles. Besides liver, only kidney 
showed LC3B dots because of its ability to 
accumulate LDs after starvation.

Recently, an optimized method 
for the detection of LC3 by 

Figure 10. Envision+ enhances the immunohistochemical detection of LC3B in GFP-LC3 trans-
genic mice. Liver samples were isolated from fed wild-type, Gfp-Lc3tg/+ or Gfp-Lc3tg/tg mice (control) 
and from mice that underwent starvation for 48 h. After fixation in neutral buffered formalin for 
24 h, tissues were paraffin-embedded and stained for LC3B using rabbit monoclonal anti-LC3B 
(clone D11, Cell Signaling, 1:100 [wild-type]; 1:300 [Gfp-Lc3tg/+] or 1:1,000 [Gfp-Lc3tg/tg]) and Envi-
sion+. Heat-mediated antigen retrieval was performed in citrate buffer (pH 6.0). Scale bar, 20 μm. 
The LC3B positive area was quantified. ***p < 0.001 vs. control (two-way ANOVA, followed by 
Bonferronipost test, n = 10).
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using GFP-LC3 mice) to achieve staining. 
The immunohistochemical detection of 
other autophagy-related proteins such as 
ATG5, CTSD or BECN1 is not recom-
mended to monitor autophagy, due to lack 
of differential gene expression or doubtful 
specificity.

Materials and Methods

Antibodies. The following mouse 
monoclonal antibodies were used: anti-
ACTB/β-actin (clone AC-15, Sigma-
Aldrich, A5441) and anti-LC3B (clone 
5F10, Nanotools, 0231-100/LC3-5F10 
or 0231-100BIOTIN/LC3-5F10). Rabbit 
polyclonal antibodies were anti-LC3B 
(Novus Biologicals, NB100-2331), anti-
MAPLC3 (H50, Santa Cruz, sc-28266), 

autophagy via routinely used immuno-
histochemical techniques is hampered 
due to low in situ levels of this protein in 
paraffin-embedded tissue. Therefore, the 
immunohistochemical detection of LC3 
in paraffin-embedded tissue depends on 
a highly sensitive detection method (Fig. 
16). Optimal LC3 immunostains could 
only be obtained when using neutral-
buffered formalin-fixed tissue specimens, 
immersed in citrate buffer (pH 6.0) dur-
ing antigen retrieval. Another critical step 
during LC3 staining was the use of a high-
quality, isoform-specific antibody, such as 
antibody 5F10, in combination with the 
Envision+ signal amplification system to 
obtain maximum sensitivity. However, 
even this sensitive detection method 
required overexpression of LC3 (e.g., by 

LC3, have been used as an immunohis-
tochemical marker for autophagy.9,10,12,14 
However, the results of these studies need 
to be interpreted with caution since some 
of these proteins can accumulate in condi-
tions of decreased autophagic activity. For 
example, granular cytoplasmic ubiquitin 
inclusions constituted an attractive marker 
for cellular degeneration of cardiomyo-
cytes via autophagy in the early 2000s,37-

39 but more recent evidence showed that 
these inclusions may also result from a 
malfunction in the autophagic pathway40 
or from structural changes in the protein 
substrates, halting their degradation.41 In 
the present study, we examined ATG5, 
CTSD, BECN1 and SQSTM1 as alterna-
tive candidate markers for in situ detec-
tion of autophagy. Staining for ATG5 and 
CTSD was not different between starved 
samples and nonstarved (or autophagy-
deficient) controls. Moreover, ATG5 was 
found in the nucleus, which does not 
seem to be autophagy-related. In con-
trast, BECN1 showed upregulation after 
starvation and might as such be useful 
for the detection of autophagy. However, 
expression of BECN1 has also been found 
to be upregulated during tumorigenesis 
and has an important prognostic value 
in various tumor types.42-46 It is pres-
ently unclear whether increased BECN1 
expression in cancer can be attributed to 
autophagy induction. Furthermore, the 
overexpression in starved liver, as shown 
in the present study, is relatively poor. 
In other organs, such as the kidney, we 
found strong basal levels of BECN1, sug-
gesting that BECN1 is not the most ideal 
marker to monitor autophagy induction. 
SQSTM1 showed diffuse cytoplasmic 
staining in liver from starved wild-type 
mice, which is again not ideal to monitor 
autophagy. Interestingly, SQSTM1 could 
be found in large cytoplasmic inclusions 
of autophagy-deficient liver. These inclu-
sions result from a marked accumulation 
of SQSTM1, followed by the formation of 
large aggregates containing SQSTM1 and 
ubiquitinated proteins.47 Similar protein 
aggregates have been identified in vari-
ous human disorders including neurode-
generative diseases, liver disorders and 
cancer.48,49

In conclusion, the unambiguous 
detection of LC3 as a marker protein for 

Figure 11. Livers from starved wild-type mice show background staining with anti-mouse 
Envision+. (A) Anti-mouse Envision+ without primary antibody results in background staining 
of Atg7+/+ Alb-Cre+ liver, but not of Atg7F/F Alb-Cre+ liver. (B) Liver samples were isolated from fed 
Atg7+/+ Alb-Cre+ and Atg7F/F Alb-Cre+ mice (control) or from mice that underwent starvation for 48 h. 
After fixation in neutral buffered formalin for 24 h, tissues were paraffin-embedded and stained 
for LC3B using unconjugated mouse monoclonal anti-LC3B (clone 5F10, Nanotools, 1:100), in 
combination with Envision+. Heat-mediated antigen retrieval was performed in citrate buffer (pH 
6.0). Scale bar, 20 μm. One panel of starved Atg7+/+Alb-Cre+ hepatocytes (around blood vessel) was 
taken at higher magnification and illustrates tiny LC3B positive puncta.
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containing Cre recombinase under control 
of a mouse albumin enhancer/promoter. 
Genotyping of offspring was performed 
by PCR using standard procedures. 
Parameters for PCR amplification were 
94°C for 5 min and 35 cycles of 98°C for 
20 sec, 68°C (60°C in case of wild-type 
Atg7) for 30 sec and 72°C for 90 sec. 
The following primers were used: 5'-TTT 
GCC TGC ATT ACC GGT CGA TGC 
AAC-3' (forward) and 5'-TGC CCC TGT 
TTC ACT ATC CAG GTT ACG GA-3' 
(reverse) for Cre recombinase; 5'-TGG 
CTG CTA CTT CTG CAA TGA TGT-
3' (forward), 5'-CAG GAC AGA G-AC 
CAT CAG CTC CAC-3' (reverse) and 
5'-GAT CTT CAT AAG GTG CTA 
GAA CAT GC-A GG-3' (reverse for 
wild-type Atg7 allele) for Atg7. GFP-LC3 
transgenic mice (RIKEN BioResource 
Center, strain GFP-LC3#53)50 contain-
ing a rat GFP-LC3 fusion under control 
of the chicken ACTB promoter, were 
genotyped as previously described.51 For 
starvation studies, mice (12 weeks of 
age) were deprived of food for 24 or 48 
h, but had free access to drinking water. 
After sacrifice of starved and nonstarved 
animals, tissues were harvested and fixed 
in either 4% neutral-buffered formalin 
(Merck, 1.03999) or acid formalin (Fisher 
Scientific, F/1501/PB15), Bouin’s fixative 
(71.4% saturated picric acid [Merck, 623], 
~9% formalin [Fisher Scientific, F/1501/
PB15], 4.8% glacial acetic acid [Merck, 
1.00063]) or methacarn (60% methanol 
[Merck, 1.06009], 30% 1,1,1-trichloro-
ethane [Merck, 8749], 10% glacial acetic 
acid) for 24 h prior to paraffin embed-
ding. Alternatively, non-fixed tissue 
specimens were embedded in Richard-
Allan Scientific Neg-50 Frozen Section 
Medium (Thermo Scientific, 6502) using 
liquid nitrogen, and stored at –80°C. All 
experiments were approved by the Ethical 
Committee of the University of Antwerp.

Western blotting. Freshly isolated tis-
sue samples were homogenized in an appro-
priate volume of Laemmli sample buffer 
(Bio-Rad, 161-0737). Samples were then 
heat-denatured for 5 min in boiling water 
and loaded on NuPAGE 12% (Novex, 
NP0343BOX) or 4–12% Bis-Tris poly-
acrylamide gels (Novex, NP0323BOX). In 
some experiments, ready-to-use INSTA-
Blot mouse tissue lysates (Imgenex, from 

different LC3 isoforms was tested using 
human recombinant LC3A (Abnova, 
H00084557-P01) and LC3B (Abnova, 
H00081631-P01) proteins.

Animals and tissue processing. Mice 
homozygous for a vector that disrupts Atg7 
in exon 14 by Cre-loxP technology (further 
referred to as Atg7F/F mice)40 were housed 
in a temperature-controlled environment 
with 12 h light/dark cycles, and received 
food and water ad libitum. To obtain 
liver-specific Atg7 knockouts, Atg7F/F mice 
were crossbred with Alb-Cre+ transgenic 
mice (Jackson, stock number 003574) 

anti-ATG5 (Abcam, ab78073; Lifespan, 
LS-B1843), anti-ATG7 (Sigma-Aldrich, 
A2856), anti-LC3A (Abgent, AP1805a), 
anti-SQSTM1 (Sigma, P0067), anti-
GFP (Abcam, ab6556) and anti-BECN1 
(Lifespan, LS-B3202). Anti-CTSD (clone 
EPR3057Y, Abcam, ab75852) and anti-
LC3B (clone D11, Cell Signaling, 3868) 
were rabbit monoclonal antibodies. 
Horseradish peroxidase-conjugated swine 
anti-rabbit immunoglobulins (P0399) 
and rabbit anti-mouse immunoglobu-
lins (P0260) were purchased from Dako. 
Crossreactivity of the LC3 antibodies with 

Figure 12. Monoclonal 5F10 LC3B antibody combined with Envision+ allows the immunohisto-
chemical detection of LC3B in different organs of starved Gfp-Lc3tg/tg mice. Gfp-Lc3tg/tg mice were 
fed regular chow (control) or underwent starvation for 48 h. Tissue samples from different organs 
were collected and fixed in neutral buffered formalin for 24 h. Thereafter, tissues were paraffin-
embedded and stained for LC3B using unconjugated mouse monoclonal anti-LC3B (clone 5F10, 
Nanotools, 1:1000) and Envision+. Heat-mediated antigen retrieval was performed in citrate buffer 
(pH 6.0). Scale bar, 20 μm.
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then washed in water and incubated for  
10 min at 37°C with trypsin buffer  
[10 mM TRIS-HCl, pH 7.8, 0.1% CaCl

2
 

(Merck, 2382), 0.1% NaCl] contain-
ing 0.01% trypsin (Fluka, 93613). After 
rinsing in water, heat-mediated antigen 
retrieval was performed in boiling citrate  
[1.6 mM citric acid (Fluka, 27488), 
6.9 mM sodium citrate-5,5-hydrate 
(Merck, 6431), pH 6.0] or EDTA (UCB, 
87046079; 10 mM, pH 8.0) buffer for  
10 min using a microwave. Slides were 
cooled down for 30 min at room tem-
perature and then rinsed twice with 
distilled water and once with stain-
ing buffer [10 mM TRIS-HCl, pH 7.6, 
0.9% NaCl, 0.1% Triton X-100 (Sigma-
Aldrich, T8787), 0.004% thimerosal 

secondary antibody at room temperature. 
Antibody detection was accomplished 
with SuperSignal West Pico (Thermo 
Scientific, 34080) or SuperSignal West 
Femto Maximum Sensitivity Substrate 
(Thermo Scientific, 34096) using a Lumi-
Imager (Roche, Mannheim, Germany).

Immunohistochemical staining of 
paraffin-embedded tissue. Sections  
(5 μm thick) of formalin-fixed tissue 
were dewaxed in toluene (BDH Prolabo, 
28701.364, 2 × 5 min), immersed in iso-
propanol (BDH Prolabo, 20922.364,  
2 × 5 min) and rehydrated in distilled  
water (5 min). Endogenous peroxi-
dase activity was quenched by incuba-
tion in 3% hydrogen peroxide (Merck, 
1.07210) in water for 5 min. Slides were 

40101–40112) were applied. After elec-
trophoresis in NuPAGE MOPS SDS 
Running Buffer (Novex, NP0001), pro-
teins were transferred to an Immobilon-P 
Transfer Membrane (Millipore, 
IPVH304F0) according to standard pro-
cedures. Membranes were blocked in Tris-
buffered saline [20 mM TRIS-HCl, pH 
7.6 (Acros, 424575000), 137 mM NaCl 
(BDH Prolabo, 27810.295)] (TBS) con-
taining 0.05% Tween-20 (Sigma-Aldrich, 
P1379) (TBS-T) and 5% non-fat dry milk 
(Bio-Rad, 170-6404) for 1 h. Membranes 
were then probed overnight at 4°C with 
primary antibodies in antibody dilution 
buffer (TBS-T containing 1% nonfat 
dry milk), followed by 1 h incubation 
with horseradish peroxidase-conjugated 

Figure 13. ATG5 and CTSD are not suitable targets for the immunohistochemical detection of autophagy in liver. Liver samples were isolated from fed 
Atg7+/+ Alb-Cre+ and Atg7F/F Alb-Cre+ mice (control) or from mice that underwent starvation for 48 h. After fixation in neutral buffered formalin for 24 h, 
tissues were paraffin-embedded and stained for ATG5 (A) or CTSD (B) using rabbit polyclonal anti-ATG5 (Abcam, 1:100) and rabbit monoclonal anti-
CTSD (clone EPR3057Y, Abcam, 1:1000), respectively, in combination with Vectastain ABC. Heat-mediated antigen retrieval was performed in citrate 
buffer (pH 6.0). Scale bar, 20 μm. The ATG5- and CTSD-positive area was quantified. Neither the effect of starvation nor the results between Atg7+/+ 

Alb-Cre+ and Atg7F/F Alb-Cre+ mice were statistically significant.
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to incubation with peroxidase substrate 
solution [20 mg 3-amino-9-ethylcarba-
zole (Sigma-Aldrich, A5754) dissolved in  
24 ml DMSO (Fisher Scientific, D/4121/
PB15), then mixed with 200 ml sodium 
acetate, pH 5.2 (Merck, 6268), and 
supplemented with 4 ml 1:100 diluted 
hydrogen peroxide in water] until the 
desired stain intensity developed. Finally, 
sections were rinsed in distilled water, 
counterstained for 1 min using Carazzi’s 
hematoxylin, rinsed in water and mounted 
under glass coverslips.

Immunohistochemical staining of 
tissue fixed with Bouin’s fixative or 
methacarn was comparable with that of 
formalin-fixed tissue, except that sections 
were not treated with trypsin and that the 
heat-mediated antigen retrieval step was 
omitted. All stained sections were analyzed 
using a color image analysis system (Image 
Pro Plus 4.1, Media Cybernetics Inc.).

Immunohistochemical stain-
ing of Neg-50-embedded, frozen tis-
sue. Sections (6 μm thick) of frozen, 
Neg-50 embedded tissue were dried for  
1 h at room temperature before fixation  
(5 min) in acetone, 4% paraformalde-
hyde or methacarn. After drying, endog-
enous peroxidase activity was quenched 
by incubation in methanol/water (1:1) 
containing 0.3% hydrogen peroxide for 
20 min. Slides were then washed in water 
and incubated in modified staining buf-
fer [10 mM TRIS-HCl, pH 7.6, 1% 
bovine serum albumin (Sigma-Aldrich, 
A7906)] for 5 min. Nonspecific protein 
binding was blocked by normal serum, as 
described above, prior to incubation with 
the primary antibody. All further steps 
were comparable with the staining proce-
dure of paraffin-embedded tissue, except 
that staining buffer was always replaced 
with the modified staining buffer. In case 
the primary antibody was biotinylated, 
blocking with normal serum and incuba-
tion with biotinylated secondary antibod-
ies were omitted.

In some experiments, frozen sec-
tions were stained using a Vectastain 
ABC-AP kit (Vector Laboratories, 
AK-5000) containing biotinylated alka-
line phosphatase instead of biotinylated 
horseradish peroxidase. The procedure 
is similar with the staining steps for 
frozen sections described above, except 

incubation with biotinylated secondary 
antibodies were omitted. Meanwhile, 
Vectastain ABC Reagent was prepared 
by diluting avidin (reagent A, Vectastain 
ABC Kit) and biotinylated horseradish 
peroxidase (reagent B, Vectastain ABC 
Kit) 1:200 and 1:100, respectively, in 
staining buffer. In some staining reactions, 
the anti-mouse or anti-rabbit Envision+ 
system (Dako, K4000 or K4002) was 
used rather than Vectastain ABC reagent. 
Envision+ solutions were ready-to-use 
and did not require biotinylated primary 
antibodies. After washing (2 × 5 min in 
staining buffer), slides were incubated 
for 1 h with Vectastain ABC reagent (or 
undiluted Envision+), rinsed (2 × 5 min) 
in staining buffer and distilled water, prior 

(Sigma-Aldrich, T5125)]. Nonspecific 
protein binding was blocked for 20 min 
by normal goat serum (Vectastain ABC 
Kit, Vector Laboratories, PK-4001) or 
normal horse serum (Vectastain ABC Kit, 
Vector Laboratories, PK-4002), depend-
ing on the animal in which the second-
ary antibody was raised. Subsequently, 
the primary antibody was applied  
overnight in a damp box, followed by  
2 × 5 min immersion in staining buf-
fer. Next, the slides were incubated for  
30 min with biotinylated anti-rabbit or 
anti-mouse immunoglobulins (Vectastain 
ABC Kit, Vector Laboratories), 1:200 
diluted in staining buffer. In case the 
primary antibody was already biotinyl-
ated, blocking with normal serum and 

Figure 14. BECN1 is upregulated in mouse tissue after starvation. (A) Liver samples were isolated 
from fed Atg7+/+ Alb-Cre+ and Atg7F/F Alb-Cre+ mice (control) or from mice that underwent starvation 
for 48 h. After fixation in neutral buffered formalin for 24 h, tissues were paraffin-embedded and 
stained for BECN1 using rabbit polyclonal anti-BECN1 (Lifespan, 1:1,000) and Vectastain ABC. Heat-
mediated antigen retrieval was performed in citrate buffer (pH 6.0). Scale bar  20 μm. The BECN1 
positive area was quantified. ***p < 0.001 vs. control (two-way ANOVA with Bonferronipost test, n, 
10). (B) BECN1 immunohistocehmical staining in kidney from Atg7+/+ Alb-Cre+ mice before and after 
starvation (48 h). Scale bar, 20 μm.
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rinsed again in saline and mounted under 
glass coverslips.

Confocal microscopy. For exami-
nation of GFP fluorescence in tissue 
of GFP-LC3 transgenic mice, tissue 
samples were fixed for 24 h in 4% neu-
tral-buffered formalin prior to being 
embedded in Neg-50 Frozen Section 
Medium and stored at –80°C. After 
mounting of sections (6 μm thick) 
using Vectashield medium with DAPI 
(Vector Laboratories, H-1200), images 
of single confocal planes were taken 
with a Zeiss LSM 510 confocal micro-
scope (Carl Zeiss GmbH) equipped with 
an argon laser (excitation: 488 nm) for 
the visualization of GFP. Images were 
captured with a water immersion 63× 
C-Apochromat (numerical aperture 
1.2) objective. In order to reduce photo-
bleaching, excitation of GFP was only at 
7% of the maximum laser power output  
(25 mW). A pinhole of 112 μm, giving 
optical slices of 1.6 μm thickness, and a 
500- to 550-nm bandpass filter were used 
for GFP fluorescence detection. Images 

distilled water, counterstained for  
5 min using Nuclear Fast Red (Klinipath, 
642425), rinsed in water and mounted 
under glass coverslips.

Oil red O staining of Neg-50-
embedded, frozen tissue. Sections  
(6 μm thick) of frozen, Neg-50 embed-
ded tissue were dried for 1 h at room 
temperature before fixation (5 min) in 
4% paraformaldehyde. Thereafter, sec-
tions were immersed in propylene glycol 
(Sigma-Aldrich, P4347) for 2 min and 
stained in oil red O solution (5 mg/ml, 
Sigma-Aldrich, O0625) for 1 h. Sections 
were destained in 85% propylene glycol  
(1 min), rinsed in saline, counterstained 
for 5 min using Carazzi’s hematoxylin, 

quenching of endogenous peroxidase is 
no longer required. After incubation with 
Vectastain ABC reagent, sections were 
immersed in Fast Blue BB solution [5 ml 
Tris-buffered naphtol AS-MX phosphate, 
2 ml N,N-dimethylformamide (Sigma-
Aldrich, D4254), 20 mg napthol AS-MX 
phosphate (Sigma-Aldrich, N4875),  
98 ml Tris-HCL 100 mM pH 8.5] and  
30 μl Fast Blue BB (Sigma-Aldrich, 
F3378; 5% in N,N-dimethylformamide) 
supplemented with 5 drops of 1 mM 
levamisole (Sigma-Aldrich, L9756) 
to inactivate endogenous alkaline 
phosphatase. When the desired stain 
intensity developed (usually after 
5–20 min), sections were rinsed in 

Figure 15. SQSTM1 accumulates in cytoplasmic inclusions of liver from autophagy-deficient mice. 
Liver samples were isolated from fed Atg7+/+ Alb-Cre+ and Atg7F/F Alb-Cre+ mice (control) or from 
mice that underwent starvation for 48 h. After fixation in neutral buffered formalin for  
24 h, tissues were paraffin-embedded and stained for SQSTM1 using rabbit polyclonal anti-
SQSTM1 (Sigma, 1:5,000) and Vectastain ABC. Heat-mediated antigen retrieval was performed in 
citrate buffer (pH 6.0). Scale bar, 20 μm. The positive area of SQSTM1 inclusions was quantified. 
***p < 0.001 vs. Atg7+/+ Alb-Cre+ mice (two-way ANOVA, n, 10).

Figure 16. Overview of an optimized proto-
col for immunohistochemical detection of 
LC3 as a protein marker for autophagic vacu-
oles in paraffin-embedded tissue samples. 
Although this staining protocol is highly 
sensitive, it may still require overexpression 
of LC3 in the majority of tissues.
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